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ARTICLE INFO ABSTRACT 


A novel layered GGAG/YAG composite scintillation ceramic can be prepared at 1650°C using an easily 
accessible preparation procedure. The oxygen sintering-hot isostatic pressing method implemented in 
this work can significantly shorten the preparation period of scintillation ceramics. The ceramic exhibits 
regular grain microstructure. Interface of the composite ceramic is clean and straight. As prepared, the 
layered Ce:GGAG/Cr:YAG composite ceramic can emit a broad range of photons with wavelength from 
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500 to 750nm under excitation. The integral spectra is composed of three parts: emitted photons of 
Cr:YAG and Ce:GGAG and emitted light of Cr:YAG excitated by the photons emitted by the Ce:GGAG 
ceramic layerprepared by the proposed method. The method accomplished in this work can significantly 
improve the exploration of full spectrum scintillation/luminescence ceramics preparation and spectra 


1. Introduction 


Ceramic scintillators have many advantages compared with 
single crystal scintillators such as more uniform doping, easier 
preparation procedure and lower cost for batch production [1,2]. 
With the development of ceramic preparation techniques, ceramic 
scintillators have been well utilized for ionizing radiation detection, 
especially in the X-ray detection and nuclear medical diagnostics 
in the past two decades [3]. Using scintillators for commercial 
medical computed tomography (CT) systems for example, three 
ceramic scintillators: Eu:(Y,Gd)203 (usually known as HiLight) [4] 
and Ce:(Lu,Tb)3Al50;2 (usually known as Gemstone) [5-7] were 
developed by GE Healthcare; Pr:Gd202S-based ceramic (GOS), first 
developed by researchers of Hitachi Company [8-10] were success- 
fully applied as the detection unit for CT systems. 

Aside from those traditional ceramic systems, researchers have 
attempted to explore new scintillators with high scintillation per- 
formance [11]. Among which, attempts accomplished by Cherepy 
and Kamada in Re3(Al,Ga)50;2 garnet scintillators need to be 
emphasized [12-14]. Their work established and consolidated 
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this material as new scintillators with extraordinary performance. 
Ce-doped Gd3(Al,Ga)50;2 (Ce:GGAG) single crystal scintillator 
exhibited light yield as high as 55,000 photons/MevV coupled with 
an energy resolution of about 3.7% at 662 keV [15]. Outstanding 
chemical and physical properties such as refractory nature, high 
density (>6 g/m?) and good scintillation properties of Ce:GGAG- 
based materials make these materials particularly attractive for 
Positron Emission Tomography (PET) and other y-ray detection 
applications [14-17]. 

Yttrium aluminum garnet (YAG) material is also attractive 
as matrix of laser medium and luminescent material due to its 
excellent chemical and physical properties [18-20]. YAG-based 
luminescent materials are of the most widely investigated lumi- 
nescent materials. YAG matrix has several favorable properties such 
as the physical, chemical stability, and transparency over a broad 
spectral range. 

In view of their cubic crystalline structure, GGAG and YAG are 
feasible for the preparation of transparent ceramics. Homogeneous 
doping of active ions over a single crystal is difficult because of 
the segregation coefficient of active ion element in a single crystal 
matrix [21]. Besides, the growth of single crystal with the Czochral- 
ski method, taking YAG for example, has many drawbacks, such as 
its low growth rate and expensive equipment is required. Commer- 
cial Nd:YAG single crystals are grown at approximately 2000 °C for 
a growth period about 1000-2000h [18]. At the same time, the 
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Fig. 1. Picture for (a) green body of Ce:GGAG/Cr:YAG composite ceramic (b) sintered sample of Cr:YAG, layered Ce:GGAG/Cr:YAG composite ceramic and Ce:GGAG. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 


core which locates in the central region of the single crystal ingot 
and facets arised from the central region to the outer region limit 
the utilization efficiency of single crystals. Fortunately, with the 
technique developed utilizing transparent ceramics, transparent 
ceramic have become a promising substitution for the single crystal 
technique. 

Our group also tried the preparation of a garnet ceramic sys- 
tem and successfully obtained ceramics with high transparency and 
outstanding scintillation performance [22-25]. In present work, 
we proposed a novel layered GGAG/YAG composite scintillation 
ceramics prepared at the temperature of 1650°C, which is a rel- 
atively low temperature compared with traditional preparation 
temperature of garnet ceramics such as Y3Al50,2 and Lu3Al5012 
etc (about 1750°C or even higher) [18,28-30]. The ceramic is 
designed with layered structure where different luminescence 
center were accommodated individually. Ce and Cr ions were 
accommodated in different layers to form complementary spec- 
tra component. They can emit photons with different energies 
under high energy excitation. The method accomplished in this 
work can significantly improve the exploration of full spectrum 
scintillation/luminescence ceramic preparation and spectra des- 
ignations. That will make the detection of scintillation photons 
easier since expansion of scintillation spectra can better agree 
with the optimal response interval of detectors such as silicon 
diodes. Besides, spacial separated luminescent centers in individ- 
ual matrix avoid the mutual interaction of co-doped luminescent 
centers in same confined crystalline structure. Individual medi- 
ation on each component of the layered structure can be easily 
accomplished by varying its layered structure dimension scale 
and luminescent centers’ concentration. Density difference of each 
layer (pecac =6.5 g/cm? pyac =4.5 g/cm?) can also offer possibility 
of adjustment of overall density of the composite ceramic from 
4.5-6.5 g/cm? [18,24]. That means the composite ceramic can meet 
the requirement for the application in a wide X-ray energy range. 


2. Experiment 


Commercial Gd203, Ga203 (99.99%, GanZhou QianDong Rare 
Earths Group Co., Ltd., China), Y203 (99.9%, Rare-chem Hi-tech Co., 
Ltd., China), Al2O3 (99.99%, Taimei Chemicals Co., Ltd., Japan) Cr203 
and CeO; (99.9%, Beijing Dk Nano technology Co., LTD., China) pow- 
ders were used as the starting materials. Gd203, Ga203, Al203 and 
Y203 powders were calcined at 600°C and 1000°C, respectively, 
for 2h to remove moisture. The powders were weighed accord- 
ing to the composition of Ceo915Gd29g5Al3Ga20j2 (Ce:GGAG) 
and Croo25Y3Al4.975012 (Cr:YAG). No sintering aid was added. 
After a mixture process by ball milling (corundum ball mill with 
Wpatt/W powder = 10:1) for 12h in alcohol at the rotation speed of 
300rpm, mixed powders were dried, calcined, then dry-pressed 
into 25 mm diameter pellets and cold isostatically pressed under a 
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Fig. 2. X-ray diffraction pattern of Ce:GGAG and Cr:YAG sintered at 1650°C. 


pressure of 250 MPa. Green body of GGAG/YAG composite ceramics 
were prepared by sequential bedding of each powders. No binder 
was used for the forming process. The compacted powder was sin- 
tered at 1650°C for 2h in flowing dry oxygen gas at 0.6 L/min. A 
hot isostatic pressing process was performed to further consoli- 
date the sample (200 Mpa in Ar atmosphere, 1650 °C/2h). Finally 
the disk specimens of ~20 mm in diameter were mirror-polished 
on both surfaces thermally etched at 1300°C for 30 min for grain 
size measurement and other characterisations. 

Phase information of the samples was identified by X-ray 
diffraction (XRD, Model D8 Advance, Bruker AXS Co., Germany) 
using CuKa radiation in the range of 20=10°-80°. Morphologies 
of the ceramics were examined by scanning electron microscopy 
(SEM, Quanta FEG 250, FEI Co., USA). Grain size of the sintered 
samples was obtained by the linear intercept method (200 grains 
included). The average grain size was calculated by multiplying the 
average linear intercept distance by 1.56. The optical transmittance 
was measured with a spectrometer (Lambda 950, Perkin Elmer Co., 
USA) in 200-800 nm range. Excitation and emission spectra were 
measured at room temperature with a fluorescence spectrometer 
(F-4600, Hitachi, Tokyo, Japan). 


3. Results and discussion 


Fig. la presents the picture for the green body of 
Ce:GGAG/Cr:YAG composite ceramic. It can be seen from the 
figure that the layered structure can be obtained via a cold isostatic 
press process after mold moulding. Fig. 1b shows the image for 
sintered sample of Cr:YAG, layered Ce:GGAG/Cr:YAG composite 
ceramic and Ce:GGAG from bottom to top. All samples show good 
transparency. 

Fig. 2 shows the X-ray diffraction pattern of Ce:GGAG and 
Cr:YAG sample sintered at 1650°C. All observed peaks of Ce:GGAG 
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Fig. 3. Optical transmittance of polished sample of Cr:YAG, layered 


Ce:GGAG/Cr:YAG composite and Ce:GGAG ceramics. 


and Cr:YAG from 10° to 80° can be indexed to the standard 
diffractions pattern of pure Gd3Ga Al30;2 (JCPDS no. 46-0448) 
and Y3Al5012 (JCPDS no. 33-40), respectively. No other phases 
were detected according to the XRD patterns. That indicates the 
accomplishment of GGAG and YAG crystalline structure during the 
preparation procedure. 

Fig. 3 presents the transmittance of Cr:YAG, Ce:GGAG/Cr:YAG 
composite and Ce:GGAG ceramics. Among which, Ce:GGAG sam- 
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ple exhibits the highest transmittance. At the wavelength of above 
550 nm, which is the main emission range of Ce:GGAG, the trans- 
mittance is up to 77%. While Cr:YAG and layered Ce:GGAG/Cr:YAG 
composite ceramic can reach transmittance over 60% and 50%, 
respectively, at the wavelength around 550 nm. Their transmit- 
tance can be even higher in the long band region. The inferior 
transmittance of Ce:GGAG/Cr:YAG composite ceramic is mainly 
ascribed to the difference between the refractive indices of YAG 
and GGAG phase, which will cause light scattering and decrease 
of the transmittance. The absorption bands of Ce:GGAG ceramic 
around 350nm and 450nm can be attributed to 4f— 5d and 
4f— 5d, transition of Ce3*, respectively [23]. While the absorp- 
tion bands of Cr:YAG ceramic around 250 nm, 450 nm and 610 nm 
can be attributed to 4A2(4F) > 4T, (4P), 4A2 (4F) > 4T; (4F), and 4A2 
(4F) > 4T> (4F) transition of Cr3* [26]. Transmittance spectrum of 
Ce:GGAG/Cr:YAG composite ceramic exhibits the absorption bands 
of Cr:YAG and Ce:GGAG ceramics, those bands can be attributed to 
electronic transition of Ce?* and Cr?* as described before. 

Fig. 4 shows the microstructures of the thermal etched samples. 
It can be seen from Fig. 4a and b that both Ce:GGAG and Cr:YAG 
show regular grain structure and grain boundaries. However, the 
grain sizes of these two samples differ greatly. Average grain size D 
can be determined by linear intercept method (200 grains counted). 
The average grain size of Ce:GGAG is about 5m while that of 
Cr:YAG ceramic is about 2-3 um. Fig. 4c and d show the interface 
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Fig. 4. Microstructures of the thermal etched samples: (a) Ce:GGAG ceramic, (b) Cr:YAG ceramic, (c) and (d) layered Ce:GGAG/Cr:YAG composite ceramic, (e) and(f) EDS 


mapping analysis of Ce:GGAG/Cr:YAG composite ceramic. 
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Fig. 5. Room temperature excitation-emission spectra of (a) Cr:YAG, (b) Ce:GGAG 
(c) layered Ce:GGAG/Cr:YAG composite ceramic. 


Fig. 6. Schematic illustration of the emission process of the as prepared 
Ce:GGAG/Cr:YAG composite ceramic. 


microstructure of Ce:GGAG/Cr:YAG composite ceramic. The inter- 
face is clean and straight. The contrast of different ceramics can be 
attributed to the atomic weight difference of Ce:GGAG and Cr:YAG 
elements. Thickness of the interface is only about 10-20 um. Pre- 
cise control of the interface can help with the reduction of photon 
loss during its transmission procedure. Fig. 4e and f present the EDS 
mapping analysis of Ce:GGAG/Cr:YAG composite ceramic. It can be 
seen from the figure that Y element and Gd elements distribute 
separately along the interface. The result indicates that the abso- 
lutely separated ceramic matrix was accomplished by controlling 
its element diffusion. 

Fig. 5 shows the room temperature excitation-emission spectra 
of (a) Cr:YAG, (b) Ce:GGAG (c) layered Ce:GGAG/Cr:YAG compos- 
ite ceramic. For the Ce:GGAG sample the excitation spectrum was 
monitored at the emission maxima of the Ce?* emission at about 
558 nm (5d-4f transition), the emission spectrum was measured for 
excitation at 469 nm [23,24]. The excitation spectra are consistent 
with the optical transmittance curves presented in Fig. 3. Cr:YAG 
phosphor can be sufficiently excitated at the excitation wavelength 
of around 438 nm. Its main emission peaks around 700 nm, which 
is consistent with the typical emission spectra of Cr ion (4T-2A 
transition) in YAG matrix [27]. 

Fig. 5c shows the excitation-emission spectra of 
Ce:GGAG/Cr:YAG composite ceramic. It can be seen from the 
spectra that the composite ceramic exhibits the excitation- 
emission behaviors of Cr:YAG and Ce:GGAG ceramics. A broad 
range of emission spectra can be obtained from 500 to 750 nm in 
the composite ceramic. We can see from Fig. 5 that the excitation 
spectra of Cr:YAG overlaps with emission spectra of Ce:GGAG. 
It indicates that the Cr:YAG layer can be excitated by both the 
excitation source and the emission photons of Ce:GGAG. Similar 
phenomenon was also proved by Wang, etc in Cr and Ce co-doped 
YAG phosphor in 2008 [27]. 

Schematic illustration of the emission process of the as prepared 
Ce:GGAG/Cr:YAG composite ceramic is shown in Fig. 6. After the 
formation of the layered composite ceramic, under the excitation of 


photon with wavelength of 460 nm, the layered composite ceramic 
can emit photons with wavelength ranges from 500 to 750nm. 
Based on the experiment and explanation above, we can conclude 
that the emitted photons include three parts: clearly, the first two 
portions of the integral spectra are from the emission photons of 
Ce:GGAG and Cr:YAG respectively, and a third portion of the inte- 
gral spectra are of the emission photons of Cr:YAG excitated by 
the emission photons of Ce:GGAG layer. Expansion of scintillation 
spectra will make the detection of scintillation photons easier since 
it can better agree with the optimal response interval of detectors. 


4. Conclusion 


Novel layered GGAG/YAG bilayer composite scintillation 
ceramic can be prepared at 1650°C in oxygen and followed by hot 
isostatic pressing at 1650 °C and 200 Mpa in Ar atmosphere for 2 h. 
The ceramic exhibits regular and uniform grains. The average grain 
size of Ce:GGAG is about 5 wm while that of Cr: YAG ceramic is about 
2-3 um. Interface of the composite ceramic is clean and straight. As 
prepared, layered Ce:GGAG/Cr:YAG composite ceramic can emit a 
broad range of photons with wavelengths from 500 to 750 nm. Indi- 
vidual mediation on each component of the layered structure can 
be easily accomplished by varying its layered structure dimension 
scale and luminescent centers’ concentration. Density difference 
of each layer (pgcac = 6.5 g/cm? pyac = 4.5 g/cm?) can also offer the 
possibility of adjustment of overall density of the composite ceram- 
ics. 
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